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The quantum anomalous Hall effect is a intriguing quantum state which exhibits the chiral edge
states in the absence of magnetic field. While the search for quantum anomalous Hall insulators is
still active, the researchers mainly search for the systems containing magnetic atom. Here, based on
first-principles density functional theory, we predict a new family of chern insulators with fully spin-
polarized quadratic px,y non-Dirac bands in the alkali earth metal BaX (X = Si, Ge, Sn) system.
We show that BaX monolayer has a half-metallic ferromagnetic ground state. The ferromagnetism
is mainly originated from the p orbitals of Si, Ge and Sn atoms. The 2D BaSn monolayer exhibits a
large magnetocrystalline anisotropic energy of 12.20 meV/cell and a nontrivial band gap of 159.10
meV. Interestingly, both the spin polarization of the chiral edge currents and the sign of Chern
number can be tuned by doping. Furthermore, the 4% compressive strain can drive structural
phase transition but the nontrivial topological properties remain reserve in the 2D BaX systems.
Our findings not only extend the novel concepts but also provide fascinating opportunities for the
realization of quantum anomalous Hall effect experimentally.
I. INTRODUCTION
Two-dimensional (2D) magnetic topological states
have been attracting tremendous attention due to their
exotic physical phenomena and unique properties con-
trasted to their bulk counterparts. [1–6] In particular, the
quantum anomalous Hall (QAH) phase is characterized
by a chiral edge states current that encloses an insulating
bulk. The QAH effect constantly requires a combination
of the broken time reversal symmetry and spin-orbit cou-
pling (SOC). [7–9] More interestingly, the QAH effect is
featured by a quantized Hall conductance σxy = Ce
2/h,
where C is the Chern number, and C amounting to the
number of a chiral edge sates. [10] The chiral edge states
are topologically protected and robust against scattering,
which provides great potential application for designing
low energy consumption and dissipation spintronic de-
vices.
Until now, only the V or Cr doped (Bi,Sb)2Te3 systems
have been experimentally observed a plateau in the Hall
conductance in a range of the gate voltage. [11–13] The
experimental conditions are extreme requirements, such
as the extremely low temperature (<100 mK) due to the
small band gap and the greatly accurate controlling of
the extrinsic impurities. It greatly hinder their further
device applications. Hence, it would be meaningful to
search for a large band gap and high Curie temperature
(TC) Chern insulator.
Recently, the enormous Chern insulator have been the-
oretically predicted. [14–21] The QAH effect, which per-
sists in the absence of an external magnetic field, can be
realized in systems with the magnetic atom or the thin
slab of three-dimensional (3D) topological insulator by
magnetic dopants breaking the time reversal symmetry
∗ caitianyi@suda.edu.cn
(TRS). These systems have a common feature that exist
magnetic atoms. Simultaneously, the alkali earth metal
BaX (X = Si, Ge, Sn) system find unique ferromagnetic
(FM) half-metal.[22–25] Interestingly, these compounds
do not include any transition metal atoms. Hence, the
mechanism of the ferromagnetism is different from the
p-d exchange and double exchange that are crucial in the
magnetic materials. The magnetism originates from the
spin polarization of the p sates of anions.
In this paper, based on the density functional theory,
we reported that monolayer BaX could realize QAH effect
with fully spin-polarized quadratic px,y non-Dirac bands.
Different from the pz orbitals Dirac topological states
which is easily destroyed with the substrates, [26, 27] the
px,y orbitals forming the σ-bond is particularly robust.
[19, 28, 29] Here, we show that the absence of imaginary
frequencies of the phonon spectra confirmed the dynamic
stabilization of the monolayer BaX. Moreover, the band
gap at the quadratic non-Dirac point is opened by the
SOC. The calculated quantized Hall conductance, Chern
number, Berry curvature and edge states could ensure
the nontrivial topology. More interestingly, we uncover
that the nontrivial topology is robust against the biaxial
strain with structural phase transitions. These findings
provide broader opportunities for the investigation of the
QAH effect at high temperatures.
II. STRUCTURES AND COMPUTATIONAL
METHODS
To investigate the electronic and magnetic structures,
we implemented the Vienna Ab initio Simulation Pack-
age (VASP) [30, 31] for the first-principles calculations
based on density functional theory (DFT). The elec-
tron exchange-correlation functional was described by
the generalized gradient approximation of the Perdew-
Burke-Ernzerhof functional. [32] The plane-wave basis
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2set with a kinetic energy cutoff of 500 eV was employed.
Here, 12 × 12 × 1 and 24 × 24 × 1 Γ-centered k meshes
are adopted for the structural optimization and the self-
consistent calculations. To avoid unnecessary interac-
tions between the monolayer, the vacuum layer was set to
20 A˚. The total energy convergence criterion was set to be
10−6 eV. To confirm the structural stability, the phonon
spectra were calculated using a finite displacement ap-
proach as implemented in the PHONOPY code, in which
a 4 × 4 × 1 supercell were used. [33] An effective tight-
binding Hamiltonian constructed from the maximally lo-
calized Wannier functions (MLWFs) was employed to ex-
plored the edge states. [34–36] Therefore, the edge states
were calculated in a half-infinite boundary condition us-
ing the iterative Green’s function method by the package
WANNIERTOOLS. [36, 37]
III. RESULTS AND DISCUSSION
A. Structure and stability
First of all, we proposed a BaX monolayer structure,
as shown in Figure 1 (a,b). The primitive unit cell con-
sists of one Ba atom and one X (Si, Ge, Sn) atom form-
ing a hexagonal honeycomb lattice. The material is en-
tirely flat with a single atomic layer as graphene. Hence,
the space group is P-6m2, and the point group is D3h.
The optimized lattice constant am of BaX monolayer are
listed in Table I.
TABLE I. The lattice constants am (ab) [(A˚)] for the mono-
layer (bulk), cohesive energy Ec (eV/atom), formation energy
Ef (eV/atom), magnetocrystalline anisotropy energy (MAE)
[meV/cell], global band gap Eg (meV) and Curie temperature
TC (K) of the alkali earth metal BaX (X = Si, Ge, Sn).
am ab Ec Ef MAE Eg TC
BaSi 5.57 4.02 2.53 0.93 -1.17 2.70 284
BaGe 5.61 4.07 2.41 0.94 1.06 47.21 286
BaSn 5.95 4.26 2.19 1.03 12.20 159.10 356
The structural stability of BaX monolayer is verified by
the following important aspects: (1) cohesive energy, (2)
formation energy, and (3) dynamical stability. Firstly, we
calculated the cohesive energy Ec, defined as Ec = (µBa
+ µX -Etot)/N. Here, µBa and µX is the chemical po-
tential of Ba and X atom which is chosen to be the total
energy of an isolated Ba and X atom, respectively. Etot is
the total energies of BaX monolayer. N is the number of
atoms in the primitive unit cell. The calculated Ec are il-
lustrated in Table I. The cohesive energies are about 2.19-
2.53 eV/atom larger than that of the bismuthene 1.954
eV/atom, [38] and bismuthene have recently been exper-
imentally synthesized, [28, 39] also indicating that BaX
monolayer could be synthesized experimentally. Further-
more, the formation energy of BaX monolayer is defined
as Ef = E2D/N2D - E3D/N3D, [40, 41] where E2D and
E3D are the total energies of 2D and 3D structure, respec-
tively. N2D and N3D denote the number of atoms in the
respective unit cells. The formation energies are about
0.93-1.03 eV/atom, which are larger than that of silicene
(0.76 eV/atom), [42] where silicene have recently been
experimentally prepared. [43–45] Finally, the dynamical
stability can be reflected in the phonon spectrum. As
illustrated in Figure 1 (c-d), all of the vibrational modes
show positive frequencies, indicating that the materials
have stable structure.
FIG. 1. (a) Top and (b) side view of the lattice structure for
BaX (X = Si, Ge, Sn) monolayer with lattice vectors ~a1 and
~a2, the unit cell is indicated by the magenta shading. The Ba
and X (X = Si, Ge, Sn) atoms are depicted by the green and
blue balls, respectively. (c-e) The calculated phonon disper-
sion curves of the (c) BaSi, (d) BaGe and (e) BaSn.
Further, in order to check whether the BaX has a
buckled structure, we construct the buckled BaX con-
figuration, similar to the case of silicene, germanene and
stanene lattice. The calculated energy differences be-
tween a series of buckled and planar structure are illus-
trated in Figure 2. Remarkably, the energies of BaX
monolayer monotonically increase with the increase of
buckled height (d) from 0 to 1.4 A˚. It shows that the
planar structure has the lowest energy. Therefore, the
planar structure is the most stable structure.
B. Magnetic property
Firstly, we find that the total energy of the non-spin-
polarized BaX monolayer is more than that of the spin-
polarized BaX monolayer by higher than 0.13 eV/atom
(BaSi), 0.12 eV/atom (BaGe) and 0.13 eV/atom (BaSn),
respectively. To understand the magnetic interactions,
we consider all possible magnetic configurations in the
2×2 supercell, namely, nonmagnetic (NM), FM, and an-
tiferromagnetic (AFM). We find that the FM state is
the most stable. The AFM state is 156.83 meV, 158.08
3FIG. 2. The variation of total energy difference, ∆E =
E(buckled) - E(planar), as a function of buckled height d.
The insets is buckled BaX lattice.
meV and 197.22 meV higher than the FM state for BaSi,
BaGe and BaSn, respectively. The FM ground state has
an integer magnetic moment of 2 µB per unit cell. The
magnetic moment is mainly originated from the p or-
bitals of the X atom, whereas the magnetic moment on
the Ba atom can be ignored. It is consistent with its bulk
structure. [22–25]
In addition, we calculated the magnetocrystalline
anisotropy energies (MAE) of the BaX unit cell by con-
sidering the SOC effect. Here, we consider two magne-
tization directions, namely, the in plane ([100] direction)
and out of plane ([001] direction). The MAE defined as
∆E = E100 - E001. The positive value of MAE shows the
easy axis is along the z axis rather than along the x axis.
The results are listed in Table I. We find that the magne-
tization of only BaSi is along the x axis. The large MAE
value of BaSn reaches 12.20 meV/cell, which is nine times
more than that of 2D CrI3 (1.37 meV/cell). [46] More
interestingly, the experiment reported that the magneti-
zation direction of 2D ferromagnets could be tuned by an
external field in Fe3GeTe2 system. [47]
The Curie temperature is important property for ob-
servable the QAH effect at the experiment. Hence, based
on the Ising model, we estimates the Curie temperature
by using Monte Carlo (MC) simulations. The nearest
neighbor exchange interaction parameters J can be de-
scribed by the Hamiltonian of the Ising model:
H = −
∑
i,j
JSi · Sj , (1)
where S is the spin magnetic moment per X atom, i and j
stand for the nearest site pairs. The exchange interaction
parameter J is defined from the exchange energy as J =
Eex/12S
2, where Eex = (EAFM - EFM ) is the energy dif-
ference between the antiferromagnetic and ferromagnetic
state. Therefore, the exchange interaction parameter J
can be obtained to be 13.07 meV for BaSi, 13.17 meV
for BaGe and 16.44 meV for BaSn, respectively. Here,
the MC simulations are implemented on a 80×80 super-
cell which is adopted to reduce translational constraint,
using 1×107 loops for each temperature. The calculated
Curie temperature are 284 K for BaSi, 286 K for BaGe
and 356 K for BaSn, respectively.
C. Electronic band structure
The most fascinating property of monolayer BaX
shows on its electronic band structure. Firstly, let’s inves-
tigate the band structure in the neglect effect of SOC, as
shown in Figure 3(a-c). Remarkably, the BaX monolayer
is fully spin-polarized band in the sense that the majority
spin bands is insulating while the minority spin bands is
metallic. One can see that the minority spin bands ex-
hibit quadratic non-Dirac bands at the Fermi energy. In
order to know the origin of quadratic non-Dirac bands,
the orbital resolved minority spin band structures ac-
quired with DFT, as shown in Figure 3(d-f). We find that
FIG. 3. (a-c) Spin-polarized band structures for (a) BaSi,
(b) BaGe and (c) BaSn. The blue and magenta curves cor-
respond to the majority and minority spin bands structure,
respectively. (d-f) Energy and k contribution of X-p-resolved
to the minority spin bands for (d) BaSi, (e) BaGe and (f)
BaSn.
the quadratic dispersive minority spin bands at near the
Fermi energy arise from primary of the X-px,y orbitals.
It is noted that the px,y quadratic non-Dirac states are
of particularly robust because of the nature of σ orbitals.
The feature is different from the pz Dirac states due to
the nature of weak pi bonds.[26]
Then, considering the SOC effect, Figure 4(a,c,e)
4shows the band structure of BaX monolayer. The inclu-
sion of SOC induces global gap opening of 2.70 - 159.10
meV showing that the fully spin-polarized bands will be
maintained. One can see that the quadratic non-Dirac
band of the minority spin bands is still preserved with
SOC included for the lighter BaSi. On the other hand,
the large SOC of the BaSn induces a gap opening of
163.19 meV at the high symmetry Γ point. The BaSn
monolayer with a large band gap and the fully spin po-
larization can effectively apply in spintronic devices.
FIG. 4. Band structures with SOC as well as anomalous
Hall conductvity (σxy) of the (a, b) BaSi, (c, d) BaGe and (e,
f ) BaSn. In the left panels, the band gap between minority
(majority) spin bands is labeled as gap 1 (2).
D. Quantum anomalous Hall effect
To show the topological properties of BaX monolayer,
we calculate the anomalous Hall conductivity (AHC) by
using the formula
σxy = C
e2
h
, (2)
C =
1
2pi
∫
BZ
d2k Ω(k), (3)
where C is related to the quantized anomalous Hall con-
ductance σxy, namely, Chern number. [48] The right
panel of Figure 4 shows the σxy relative to the Fermi
level. The σxy shows a quantized value with C = 1 when
the Fermi level is within the gap 1, confirming the Chern
insulator. Interestingly, when the Fermi level shifts to
the gap 2, Chern number change C = -1. It implies that
the doping could be used to reverse the direction of the
chiral edge current.
FIG. 5. (a-c) The Berry curvature with SOC in the momen-
tum space and (d-f) calculated edge state of a semi-infinite
sheet of the (a, d) BaSi, (b, e) BaGe and (c, f) BaSn.
In addition,
Ω(k) = −
∑
n
fn
∑
n′6=n
2Im 〈ψnk | vx | ψn′k〉 〈ψn′k | vy | ψnk〉
(En′ − En)2 ,
(4)
where Ω(k) is the Berry curvature in the reciprocal space,
vx and vy are operator components along the x and y di-
rections and fn = 1 for the occupied bands. [49] The
Berry curvature in the Brillouin zone are displayed in
Figure 5(a-c), the Berry curvature mainly shows around
the Γ point, which offer an QAH effect. Although, op-
posite non-zero Berry curvature are located around the
K and K’ points, we don’t explore it due to the valence
band maximum and conduction band minimum aren’t at
high symmetry K or K’ points.
Another prominent characteristic of Chern insulator is
the existence of chiral edge states. Therefore, in order
to further examine the topological properties, we con-
structed the Green’s function of the BaX semi-infinite
sheet from the MLWFs and calculated the local density
of states at the edge, as shown in Figure 5(d-f). [50, 51]
Within the gap 1 and 2, we can clearly see that one chi-
ral edge state connects the valence and conduction bands.
The number of edge states indicates the absolute value
of the Chern number, which is |C| = 1. [52] Our find-
ing would suggest the possibility of not only realized the
QAH state but also designed the flow direction of the
edge current.
5E. Strain induced structural phase transitions
As is well-known, strain effect is greatly important in
2D materials. Strain effect can modulate the structure,
magnetism, electronic structure and topological property.
[53–55] Hence, it is meaningful to explore these effects
in BaX monolayer. In the previous investigations, it is
that the trivial semiconductor GaS and GaSe could be
driven into a topologically nontrivial state in the biaxial
strain. [56] Thus, one immense concern is to examine the
strain tolerance of topological properties of these three
systems. In the following, we apply the in-plane biaxial
strain ranging from -5% to 5%, which is defined as ε =
(a-a0)/a0×100%, where a and a0 represent the in-plane
lattice constant after and before the strain was applied,
respectively.
FIG. 6. Calculated global gap (Eg) and high symmetry Γ
point gap (EΓg) as a function of the biaxial strain for (a)
BaSi, (b) BaGe and (c) BaSn. The red solid line denotes the
structural phase boundaries.
As shown in Figure 6, we show the band gap and struc-
tural phase transitions of the three systems as a function
of strain. We find that the 4% compressive strain can
drive structural phase transition from the planar struc-
ture (P-6m2) to the buckled structure (P3m1). More-
over, We also find that for BaSi, BaGe and BaSn the
extensive strain can reach up to 5% without destroying
topological properties. However, only a small compres-
sive strain can drive become metal for BaSi and BaGe.
Fortunately, BaSn monolayer maintain nontrivial topo-
logical phase within the strain of ±5%. Also, robust
topology against lattice deformation makes it easier for
the experimental realization. The strain can modify non-
trivial topology band gap to 2.70 meV (BaSi), 64.64 meV
(BaGe) and 159.10 meV (BaSn). Therefore, it is an ef-
fective way to tune the topological properties of these
materials.
F. The experimental synthesis
The stabilities of 2D materials are important for the ex-
perimental fabrication and practical applications. Con-
sidering their good cohesive energy, formation energy and
dynamic stabilities, we put forward two methods to syn-
thesize these 2D BaX monolayer in experiment. One way
that BaX monolayer can be synthesized by a spontaneous
conversion from a (111)-oriented cubic BaX to a layered
graphitic structure occurs,[57] as shown in Figure 7(a).
In addition, the molecular beam epitaxy (MBE) also fab-
ricate BaX monolayer. In experiments, it has been testi-
fied that 2D CuSe monolayer with similar structure can
be fabricated via the MBE approach. [58] As shown in
Figure 7(b), it is a schematic diagram that the 2D BaX
monolayer can be synthesized by the MBE method on
the SiC(0001) substrate due to small mismatch. These
methods are shown to be vastly effective, and can be
generalized to synthesize other 2D materials.
FIG. 7. Schematic describing the synthesis of the BaX (X =
Si, Ge, Sn) monolayer. (a) The crystal structure of bulk BaX
(X = Si, Ge, Sn). The (111) plane is highlighted by magenta
color. The color codes for atoms are the same as the Figure
1(a, b). (b) It is a schematic diagram that the BaX (X = Si,
Ge, Sn) monolayer can be synthesized on SiC(0001) substrate
via the molecular beam epitaxy (MBE) approach.
6IV. CONCLUSION
In summary, using first-principles calculations, we pro-
pose a class of chern insulators candidates in ferromag-
netic BaX (X = Si, Ge, Sn) monolayer. The fully spin-
polarized quadratic px,y non-Dirac point forms at the
high symmetry Γ point. When the spin-orbit coupling is
considered, the quadratic non-Dirac point opens the non-
trivial topological gap of 2.70 - 159.10 meV. Remarkably,
in the quantum anomalous Hall state both spin polariza-
tion of the chiral edge currents and the sign of Chern
number can be tunable by doping. Moreover, the 4%
compressive strain can induce structural phase transition
but the nontrivial topological properties are maintained
in the 2D BaX systems. Our studies will facilitate the ex-
perimental investigations on the spintronics applications.
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